Osteoarthritis (OA) is the most common rheumatic pathology. One of the major objectives of OA research is the development of early diagnostic strategies such as those using proteomic technology. Synovial fluid (SF) in OA patients is a potential source of biomarkers for OA. The efficient and reliable preparation of SF proteomes is a critical step towards biomarker discovery. In this study, we have optimized a pretreatment method for twodimensional gel electrophoresis (2DE) separation of the SF proteome, by enriching low-abundance proteins and simultaneously removing hyaluronic acid, albumin, and IgG. SF samples pretreated using this optimized method were then evaluated by 1DE and 2DE separation followed by immunodetection of cartilage oligomeric matrix protein (COMP), a known OA biomarker, and by the identification of 3 proteins (apolipoprotein, haptoglobin precursor, and fibrinogen D fragment) that are related to joint diseases.
Osteoarthritis (OA) is a degenerative joint disease that is characterized by progressive cartilage destruction and bone changes, accompanied by synovial inflammation [5] . A major objective for OA research is the development of early diagnostic technologies, including those based on genomics, proteomics, and metabolomics [7, 15] . Proteomic tools have been used to discover diagnostic or therapeutic biomarkers in OA [2, 9] . Successful separation of proteins is acknowledged to be a critical step in OA proteomics [11] .
Synovial fluid (SF) is a potential source of OA biomarkers because it is derived directly from the joint disease site [4] . Hyaluronic acid, a high molecular weight glycosaminoglycan, is the major constituent of SF (1-3 mg/ml) and forms a complex with protein components [3] . Enzymatic digestion of hyaluronic acid facilitates the proteomic analysis of SF [17] . However, protein concentrations in SF range from ng/ml (e.g., protein biomarker) to mg/ml scales (e.g., albumin and IgG) [5] , and the verification and quantification of protein OA biomarkers in SF using two-dimensional polyacrylamide gel electrophoresis (2DE) are therefore challenging [6] . Enriching low-abundance proteins and simultaneously removing highly abundant ones in SF would greatly facilitate the proteomic study of SF.
In this study, we systematically compared and optimized SF pretreatment methods, particularly the removal of hyaluronic acid, albumin, and IgG. The pretreated SF samples were then evaluated both by 1DE and 2DE immunodetection of cartilage oligomeric matrix protein (COMP) [8] , a known OA biomarker, and by the identification of 3 proteins that are related to joint diseases. Because COMP is a biomarker for cartilage turnover and its level is elevated in the SF of OA patients [14] , it can serve as a marker for evaluating SF preparations from OA patients.
MATERIALS AND METHODS

Clinical SF Samples
Human SF samples were obtained from 5 OA patients whose ages ranged from 39 to 64 years. Informed consent was obtained from each patient. The Institutional Review Board (IRB) of Ajou University approved all procedures. SF samples were centrifuged at 3,000 rpm for 20 min at 4 o C, and supernatants were stored at -80 o C in 1 ml aliquots until use.
Digestion of Hyaluronic Acid in SF Samples SF sample contains highly viscous hyaluronic acid, which can be removed by treatment with hyaluronidase [6] . To prepare hyaluronidase stock solution, SHSE buffer (60 mM NaOAc, 1 mM EDTA; pH 6.0) was added to 1 vial of hyaluronidase at a final concentration of 1,300 units/ml. Hyaluronic acid digestion was carried out at 37 Depletion of Albumin and IgG in SF Samples by Affinity Chromatography To deplete albumin and IgG in SF samples, hyaluronidase-treated or untreated SF samples were loaded onto the Aurum Serum Protein Mini Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. To determine the extent of nonspecific binding to the spin affinity columns, the resin used for removal of albumin and IgG was washed with elution buffer and collected for further study.
Two-Dimensional Gel Electrophoresis (2DE)
Protein concentrations in pretreated or untreated SF samples were measured using the 2D Quant kit (GE Healthcare, Waukesha, WI, USA) according to the manufacturer's instructions.
Samples containing 50 µg of protein were resuspended in DeStreak Rehydration Solution (GE Healthcare), and the final diluted samples were loaded onto Immobiline DryStrip gels [immobilized pH gradient (IPG) strips; 7 cm, pH 4-7; Amersham Pharmacia Biotech, Piscataway, NJ, USA]. Rehydration of IPG strips was performed overnight in the re-swelling tray (Amersham Pharmacia Biotech). All isoelectric focusing (IEF) experiments were performed using the Ettan IPGphor™3 IEF System (GE Healthcare). The following voltage program was applied: a gradient current of up to 1,000 V for 1 h, followed by a gradient current of up to 5,000 V for 2 h, and finally a linear current of 5,000 V for 2 h, for a total of 20,000 V·h. IPG strips were first equilibrated in buffer I [6 M urea, 75 mM Tris-HCl, 29.3% (w/v) glycerol, 2% (w/v) SDS, 0.002% (w/v) bromophenol blue (from a 1% stock solution) 0.65 mM DTT] for 15 min, and then equilibrated in buffer II (1.35 mM iodoacetamide solution without DTT) for 15 min.
IPG strips were placed at the top of 12.5% polyacrylamide gels and embedded using 0.5% (w/v) agarose solution containing bromophenol blue. Gels were run at a 100 mA constant current with external water cooling until the bromophenol blue dye front was 0.5 cm from the bottom of the gel.
Detection of Protein Spots and Data Analysis
Gels were stained with Coomassie Brilliant Blue R350 or silver nitrate. The stained gels were scanned with a PowerLook 2100 XL scanner system (UMAX, Taipei, Taiwan) and stored as 600 dpi RGB TIFF images. Spot detection and analysis were performed using ImageMaster 2D Platinum v.7.0 software (GE Healthcare). All experiments were performed in duplicate or triplicate, and representative gel images are shown.
In-gel Digestion and MALDI-TOF Analysis
Gel spots were manually excised, destained with 50 mM NH 4 HCO 3 in 50% acetonitrile (ACN), dehydrated in 100% ACN for 15 min, and then dried by vacuum centrifugation. The dried pieces were treated with 300 ng of trypsin (Promega, Fitchburg, WI, USA) and incubated overnight at 37 o C. Peptides were extracted using 5% trifluoroacetic acid (TFA) in 50% ACN, and lyophilized. Extracted peptides were mixed with α-cyano-4-hydroxycinnamic acid (CHCA) and then spotted onto a standard 192-well plate. Peptides were analyzed using a MALDI-TOF mass spectrometer (ABI, Norwalk, CT, USA). Peptide mass fingerprinting was performed and spectra data were analyzed against a human subset of the Swiss-Prot database (http://expasy.ch/sprot) for protein identification.
Western Blotting and 2DE Immunodetection of COMP Quantitative detection of COMP in SF samples was performed in duplicate using ELISA according to the recommendation of the manufacturer (Abcam, Cambridge, MA, USA). For Western blotting, samples containing 5 µg of proteins were separated on pre-made SDS polyacrylamide gels (Bio-Rad), and then transferred onto PVDF membranes (Bio-Rad). For 2DE immunodetection, samples containing 50 µg of proteins were separated by IEF (7 cm IPG strip) and then on pre-made SDS polyacrylamide gels (Bio-Rad) for the second dimension, and finally transferred onto PVDF membranes (Bio-Rad). PVDF membranes were treated with blocking solution (PBS, 5% BSA, and 0.1% Tween-20) for 1 h, and washed with PBS containing 0.1% Tween-20 for 30 min. PVDF membranes were probed with anti-COMP antibody (Abcam) and alkaline phosphatase-conjugated anti-mouse IgG (Sigma, St. Louis, MO, USA). Bound antibodies were visualized using the chromogenic substrate for alkaline phosphatase, 5-bromo-4-chloro-3-indolyl phosphate/p-nitroblue tetrazolium chloride (BCIP/NBT; Sigma).
RESULTS AND DISCUSSION
Effect of Hyaluronic Acid Removal from SF on 2DE Proteome Resolution Profiles
The high concentration of hyaluronic acid in SF makes it difficult to analyze the SF proteome by two-dimensional liquid chromatography-coupled tandem mass spectrometry because of the high viscosity of hyaluronic acid [6] . The SF of OA patients had bubbles (Fig. 1A) and was viscous, suggestive of high hyaluronic acid content. When the SF was treated with hyaluronidase to remove hyaluronic acid, the bubbles disappeared (Fig. 1B) and the viscosity of SF was significantly reduced. Next, we compared the proteome separation profiles of untreated and hyaluronidase-treated Bubbles in SF were generated by a high content of viscous hyaluronic acid. When the SF was treated with hyaluronidase, the bubbles disappeared and the viscosity of SF was reduced. SF on 2DE gels. As shown in Fig. 2A , the proteome of untreated SF was not properly resolved on a 2DE gel stained with silver nitrate. Streak patterns were observed as a result of the high viscosity of SF, causing difficulty in analyzing protein spots. A higher resolution of protein spots on the gel was obtained with hyaluronidase-treated SF (Fig. 2B) . This result clearly indicates that pretreatment of SF with hyaluronidase is a recommended strategy for the resolution of the SF proteome on 2DE gels.
Effect of Hyaluronic Acid/Albumin/IgG Removal from SF on 2DE Proteome Resolution Profiles
In addition to hyaluronic acid, highly abundant proteins such as albumin and IgG in SF are also known to complicate the detection of less abundant protein spots on a 2DE gel. Therefore, in addition to the removal of hyaluronic acid, a strategy for the enrichment of lessabundant SF proteins also needs to be developed. Using commercial affinity columns, we depleted both albumin and IgG from untreated and hyaluronidase-treated SF. As shown in Fig. 2C , better proteome resolution was obtained from albumin and IgG-depleted SF than from untreated SF ( Fig. 2A) or hyaluronidase-treated SF (Fig. 2B) . We further optimized our pretreatment method by using hyaluronidase in combination with albumin and IgG depletion. As shown in Fig. 2D , this optimized pretreatment resulted in much better proteome resolution as well as in an increase in spot intensity for some proteins. A previous study [17] reported that the affinity column used to deplete albumin and IgG in SF also retains many other proteins in the resin; however, we observed no significant change in the 2DE gel pattern.
Variability in 2DE Separation Profiles of SF Samples from Different OA Patients Next, to assess the variability in 2DE separation profiles of SF samples from different OA patients, we performed 2DE separation of SF samples from 4 different OA patients using the optimized pretreatment. As shown in Fig. 3A -D, SF proteomes were slightly different among the 4 patients, suggesting that the SF proteome might be strongly related to OA progression and/or severity [12, 16] . Unfortunately, we cannot speculate whether these proteome changes are specifically related to OA without information on OA severity and comparison data with normal SF. Therefore, 3 spots with increased or decreased expression in the 4 proteomes were selected and identified by peptide mass fingerprinting (Table 1) . These 3 spots were apolipoprotein [1] , haptoglobin precursor [1, 10, 12] , and fibrinogen D fragment B [13] . Details of these identified proteins are shown in Table 1 . These 3 proteins are related to rheumatoid arthritis (RA), OA, and ankylosing spondylitis (AS), indicating that all these proteins are involved in joint disease.
Western Blotting and 2DE Immunodetection of COMP Because normal SF could not be obtained for control experiments, we instead decided to use a known biomarker protein, COMP, to validate our optimized SF pretreatment method. First, we detected the presence of COMP in the SF of an OA patient by Western blotting, using a primary antibody against COMP. As shown in Fig. 4A , we confirmed that the SF contained COMP at levels compatible with immunodetection. Next, proteins in the SF were separated by 2DE (Fig. 4B) and detected using the COMP primary antibody (Fig. 4C) . These studies showed that COMP was clearly detected on 2DE gels (arrow in Fig. 4C ). Even though a control was not studied as mentioned above, this observation indicates that the SF pretreatment method developed in this study can serve as a good preliminary step for OA biomarker discovery from the SF proteome.
In conclusion, we optimized a pretreatment method for 2DE separation of the SF proteome. Enriching lowabundance proteins and simultaneously removing highly abundant ones are important for the proteomic analysis of SF. In particular, the removal of hyaluronic acid, albumin, and IgG is recommended for successful 2DE separation. Our pretreatment method for 2DE was successfully evaluated using COMP, a known OA biomarker protein, and by the identification of 3 proteins related to joint disease from pretreated SF. Further human studies using our optimized 2DE pretreatment technique are necessary to provide information on individual variability, relationship to gender and OA disease stage, as well as in the early diagnosis and monitoring of OA.
